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INTRODUCTION 

The Crtthode oC the phosphoric acid fuel cell uses a hlgh-surface-area 
platinum catalyst dispersed on a conductive carbon support to ininimize both 
caCl»ode polarization and fabrication costs, During operation, however, the 
active surface area of these electrodes decreases, which in turn leads to 
decreased cell perfonmince. This loss of active surfvice area is a major 
factor in the degradation of fuel cell parfornvince over time. For Industry to 
accept this technology, therefore, it is Important to understand this problem 
and develop approaches to Its solution. In the petroleum industry, where 
supported platinum blacks are used as heterogeneous catalysts, considerable 
work has been directed toward understandiag and eliminating surface-area 
loss. Until recently, however, only a few studies addressed the problem 
under conditions encountered in electrochemical systems. 

Three possible mechanisms by which platinum sinter li\g could occur in 
electrochemical systems have been proposed: 

• Metal dissolution followed by cedepositton at low potential sites on the 
electrode 

• Crystallite migration over the surface of the support material, accom- 
panied by liquld-llke coalescence of the crystallites 

• Intcrparticle migration of single atoms. 

Recent work, 6 using transmission electron micrographs of platinum 
deposited on carbon films, indicates that crystallite migration does in fact 
occur, and that this Is the most likely sintering mechanism for platinum sup- 
ported on graphite in electrocheinlcal systems. Tills program's purpose is to 
Investigate the structural modification of the carbon support, us a means of 
minimizing platinum sintering at phosphoric acid fuel cell cathodes. 

Our experimental approach Is based upon first forming etch pits in the 

surface of the carbon support, and then causing the platinum crystallites to 

locate in those etch pits, thus hindering their migration across the electrode 

surface. Previous experimental work elsewhere has demonstrated the feasi- 

7 

bility of this approach. 

The formation of etch pits in the surface of pure graphite flakes by cat- 
alyzed oxidation is well documented in the literature. 8“i5 xiiese studies 
demonstrated that, when graphite is oxidized in the presence of a catalyst, 


1 


1 

INSTITUTE OF GAS TECHNOLOGY 



3/81 


61051 


chacacfcerlstlc patteras are formed In the graphite basal plane. Tliese pat- 
terns depend on the catalyst®”^^ and on the gas.®»^5,l6 pop example, iron- 
oxide-catalyzed oxidation of graphite produces etch pits in the graphite basal 
plane^*^® whereas copper-oxide-catalyzed oxidation produces irregular channels 
in the graphite basal plane. 

In earlier wocR,^ supports were prepared by the catalytic oxidation of 
graphite to a predetermined weight loss, then the supports were impregnated 
with hlgh-surface-aren platinum (100 m^/g). Platinujn sintering rates were 
measured as a function of time uader conditions oimulating the operation of 
phosphoric acid fuel cell cathodes. The major results of this study were ■— 

• The platinum sintering rate was lower with the supports prepared by cata- 
lytic oxidation of graphite than with unoxidlsed supports. The decrease 
in platinum sintering rate was not a temporary phenomenon but was effec- 
tive for 200 hours of operation, which was the longest test time Investi- 
gated. 

• The preparation conditions of the support affected its ability to sta- 
bilize high-area platinum. The support prepared by the icon-oxide- 
catalyzed oxidation of graphite was the most effective In decreasing the 
platinum sintering rate of the materials evaluated. 

• The platinum sintering rate was Independent of potential in the range of 
0.8 to 0. I volt versus reversible hydrogen electrode (RUE). 

• Other Important preparation conditions Investigated were the weight of 
catalyst used In the support oxidation and the welglJt luss during oxi- 
dation. 

• t-plot analysis of the nitrogen adsorption isotherm showed that the 
graphite pore structure was modified by the catalytic oxidation process. 

These results demonstrate that tl»e platinum sintering rate can be 
decreased by supporting the platinum on graphite which has been modified by 
catalytic oxidation with icon oxide. The purpose of the present program is to 
broaden the scope of this work by investigating: 1) additional support mat- 

erials, 2) alternate oxidation catalysts, v»nd 3) extended sintering times of 
up to 3000 hours. 
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EXPERIMENTAL STUDIES 

ProKcam (Xitllne 

This program has been divided into two phases, with each phase consisting 
of several tasks as outlined below. 

Phase I, Support Modification 

Task 1, Selection and a»aracterlzation> of Carbon Supports 
Task 2. Modification of Supports by Catalytic Oxidation 
Task 3, <\ddltion of Platinum to Support 

Phase II, Sintering Studies 

Task 4, Preliminary Sintering Studies 
Task 5, Long-Term Sintering Studies, 

In the following sections the experimental studies performed during this 
calendar quarter will be described in the order given in this outline. 

Task 1, Selection and Cltaracterization of Carbon Supports 

Tlvree carbon supports were selected for investigation during the course 
of this work. They are 1) Vulcan XG-72R from the Cabot Corporation, 2) Vulcan 
XC-72 that has been graphic Ized by heating to 2500“C, and 3) Shawlnigan acety- 
lene black from the Shawlnigan Products department oC the Gulf Oil Chemical 
Company. Vulcan XC-72 is the most conductive furnace process carbon black 
produced by Cabot and is unique among carbon blacks in that it provides both 
high electrical conductivity and high surface area. Tlie 2500°C graphltizatlon 
performed on the Vulcan XC-72 by the Stackpole Corporation of St. Marys, 
Pennsylvania, increased the resistance of the carbon black to chemical oxida- 
tion, increased its electrical conductivity, and also lowered its surface 
area. 

The third material, Shawlnigan acetylene block, is formed by the thermal 
decomposition of acetylene gas at 800‘’C. It is a very pure form of finely 
divided carbon which also exhibits good electrical conductivity. Table 1 
lists some of the pertinent physical and chemical characteristics of the 
carbon supports. 
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Table 1. PHVStCAL AND CHEMICAL CHARACTERISTICS OF CARBON SUPPORTS 
Support: Mean Particle Size, A Purity, % Surface Area (BET)*, 


Vulcan XC-72R 

300 

98 

199 


Vulcan SC-72/2500“C 


99 

77 

i 

Shawinlgan AB 

425 

99.5 

71 

V » 


* As received from supplier 

Task 2. Modification of Supports by Catalytic Oxidation 

In the catalytic oxidation process, an aqueous solution of Iron (III) 
formate or silver nitrate was added to the support under Investigation In suf- 
ficient quantity, and of a concentration which upon evaporation of the water 
would provide a sample containing 0,1 weight percent iron or silver. Tills 
mixture was evaporated to dryness In a vacuiun oven at 150®C, agitated In a S 

blender to decrease Its bulk density, and placed In a 50 ml combustion boat. 

The boat was heated in a tube furnace under an argon atmosphere to a tempera- | 

ture between 550° and 800°C. Tills caused the decomposition of the metal salt 

to a metal oxide. An oxidizing gas, either oxygen or nitric oxide, was then 

added to the argon flow. After a period of time the oxidizing gas was turned 

off and the sample cooled under an argon atmosphere. The boat was then removed 

from the furnace and weighed. Tlie sample was then redistributed, and the boat 

returned to the furnace. This procedure was repeated until the desired loss 

in weight was achieved. The final Step in the modification procedure was to 

strip the catalyst from the carbon support. This was accomplished by washing 

the sample with 50% nitric acid followed by distilled water. Tlie washed 

sample was dried for several hours In a vacuum oven at 150“ C and stored under 

vacuum. Nitrogen adsorption Isotherms were determined for the various samples 

using a Micromerlttcs Model 2100 D ORR Surface-Area Pore-Volume Analyzer. 

Table 2 lists the modification temperature, the time required to oxidize 1% of | 

the sample and the final BET surface area of the sample. i 

The following alpha-nuraerlc code Is used throughout this work to describe | 

the origins of the various samples. The first letter of the sample designa- . 3 

tlon Indicates the starting material; V— Vulcan XC-72R, G— Graphltlzed 

"I 

Vulcan XC-72, and S -- Shawinlgan acetylene black. The chemical symbol, which | 

is comprised of the second and third letters, represents the catalyst used to 

"I 

tl 
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modify tho sample: Fe icon oxide, Ag — silvec oxide. 'n\e fourta latter 

represents the oxidizing agent used: 0~ oxygen, N — nitric oxide. Tlie 
munetlc (wrtlon which follows the four letters indicates the approximate weight 
lost by the sample during modification. Therefore, GFeN-l5 represents a sample 
of graphitlzed Vulcan XC-72 which has been oxidized to a 15^ weight loss using 
an iron oxide catalyst In a nitric oxide atmosphere. 

Table 2. RFSUITS OF MODIFJCATION OF CARBON SUPPORTS 


Sample 

Designation 

BET 

Surface Area, m^/g 

Modification 
Temperature, *C 

Time Required 

VFeO-7 

243 

500 

2.3 

VFeO-l5 

294 

500 

2.3 

VFeO-25 

266 

500 

2.3 

VAg0-l5 

265 

500 

4.0 

VFeN-15 

363 

700 

1.7 

SFeO-7 

93 

600 

1.7 

$FeO-l5 

147 

600 

1.7 

SFeO-25 

124 

600 

1.7 

S Ago- 15 

184 

550 

2.0 

SFeN=l5 

92 

700 

4.7 

GFeO-7 

91 

600 

4.7 

GFeO-l5 

91 

600 

4.7 

GFeO‘-25 

93 

600 

4.7 

GAgO-l5 

91 

600 

3.0 

GFeN-15 

101 

800 

10 


Tlte time and temperature data indicate that Vulcan XC-72R is most 
susceptible to catalytic oxidation, whereas graphltized Vulcan XC-72 is most 
resistant, and that nitric oxide Is less active as an oxidizing agent than 
oxygen. In two out of three of the supports, however, the highest surface 
area change was achieved using nitric oxide. Little difference was observed 
between sliver oxide and iron oxide, either with respect to the time- 
temperature data or the final surface area achieved by modification. 

The purpose of this work, however, is not simply to increase the surface 
area of the supports, but to do so by creating micropotes within the struc- 
ture. Figure 1 is a representation of the nitrogen adsorption isotherm for 
sample GFeN-15. Tlie pres sure -volume data presented in the nitrogen adsorption 
isotherm can be used to construct a t-plot from which the success or failure 
of the modification procedure can be determined. 
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Figure 1. TYPICAL NITROGEN ADSORPTION ISOTHERM USED TO PROVIDE DATA 

FOR t-PLOT ANALYSIS 
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In n t-plot anal/sls the t-value, which reprosenta the assumed thickness 
o£ the adsorbed layer » is plotted versus the volume of nitrogen adsorbed as 
determined from the adsorption isotherm data. Hie t-value is itself a log- 
arltlmic function the relative pressure P/Pq» However, the actual rela- 
tionship between t and P/Pq is determined experimentally. Hie t -values of 
Plerce^^ appear to be most useful in the present work. 

19 

Tliete ate three possible shapes for a V-C plot 8 

1) If multilayer adsorption occurs on the surface of a non-porous material, 
the V-t plot is a straight line passing through the origin. 

2) If, at some pressure, multilayer adsorption Is augmented by capillary 
condensation In the pores of a porous material, the experimental jiolnts 
will deviate upward from the straight line. 

3) If, on the other hand, a material contains narrow pores or slits with a 
large surface-to-volume ratio, the surface area of these pores wiU con- 
tribute to multilayer adsorption only up to pressures where t is of the 
same magnitude as the pore rc.dius. Then they will be filled and cease to 
contribute. At this point the V-t plot will begin to deviate downward 
from a straight line. 

Non-porous behavior is expected for graphltlced carbon. Figure 2 Illu- 
strates that the t-plot of the unmodified graphltlzed Vulcan XC-72 does pro- 
duce a straight line passing through the origin. The slight positive devia- 
tion of this t-plot at high relative pressures (t>10) can be attributed to 
capillary condensation of nitrogen in large meso-pores^^ of diameters greater 
than 110 A. The t-pXots of the graphttlzed carbon samples that had been modi- 
fied by catalytic oxidation also ei hibit straight line behavior in the regions 
where t is between 4 and 8. However, these straight lines (Figures 2 and 3) 
do not extrapolate through the origins. Such behavior indicates that modifi- 
cation has produced a significant nunber of pores in shapes conducive to 
capillary condensation. Furthermore, this capillary condensation Is already 
underway at a t-value of 4.5. Such behavior is consistent with pores of 10 A 
diameter and larger. 

The graphltlzed carbon samples modified using an iron oxide catalyst in 
oxygen (GFeO-7, 15, and 25 in Figure 2) exhibit a remarkable straight-line 
behavior in this regard, while those treated with iron oxide in nitric oxide 
(GFeN-15) and with silver oxide in oxygen (GAgO-15) show some negative devia- 
tion at higher relative pressures (Figure 3), This suggests that, in the 
latter two samples, the pore sizes are limited to the range of from 10 A to 
50 A — an ideal size for trapping 40 A diameter platinum crystallites. 

7 
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Figure 2. V-t PLOTS FOR UNTREATED GRAPHITlZED VULCAN XC-72 AND FOR SAMPLES 
CATALYTICALLY OXIDIZED WITH IRON OXIDE IN AN OXYGEN ATMOSPHERE 
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Figure 3. V-t PLOTS FOR SAMPLES OF GRAPHITIZED VULCAN XC-72 MODIFIED USING 
AN IRON OXIDE CATALYST IN NITRIC OXIDE, AND A SILVER OXIDE CATALYST IN OXYGEN 


9 

INSTITU TE OF GAS TECHNOLOGY 




3/81 


61051 


Performing a c-ploc analyals for the unreacted Sljawlnlgao acetylene black 
(Figure 4) yields a change In slope occurring at an approxlmace t-value of 7. 
T)\ls suggests the presence of micropores with diameters less than 40 A, Since 
the V~t points above a t-value of 7 lie on a straight line passing through the 
origin, we can conclude that the micropores In the untreated Shawinlgan are of 
a shape conducive to capillary condensation. Tlie catalytic oxidation of the 
Shawinlgan to a 7% weight loss increases surface area but does not appear to 
create new pores in doing so. On the other hand, the behavior of the samples 
modified to a 15% or 25% weight loss (Figures 4 and 5) show complex behavior 
Indicating the presence of pores with shapes conducive to capillary condensa- 
tion at t-values less than 6, and meso-silt pores with a high surface-to- 
volume ratio which ceases to contribute to the total surface area at t-values 
above 7. Tfie t-plot of the modified sample designated SFeO-15 exhibits the 
greatest deviation from the t-plot of the unreacted Shawinlgan and Is repro- 
duced in both Figures 4 and 5 for purposes of comparison. 

The Vulcan XC-72R exhibits a behavior In Figure 6 which is considerably 
different from the behavior of the other two untreated supports. Tlie t-plots 
of the untreated Vulcan as well as 4 of the 5 modified samples all yield 
straight lines that, when extrapolated to the volume axis, cross the t » 0 
line at positive volumes. Behavior of this kind Indicates materials 
possessing mlcropores that fill at very low relative pr<‘ssures. It should be 
noted that capillary condensation can occur at pressures even below those 
required to form a monolayer on a free surface. Tlie t-plots also Indicate 
that the filling of these pores is already complete at a t-value of 4.0, which 
places the maximum diameter of these mlcropores at 10 A. Pores of this size 
are of little use in the present program. However, the t-plots of the samples 
catalyzed to a 15% weight loss (Figures 6 and 7) also indicate the formation 
of meso-slits or mlcropores having a diameter of 40 A or less. Particularly 
interesting behavior is exhibited by the sample oxidized with nitric oxide 
(VFeN-15). Here the low-pressute points of the V-t plot lie on a straight 
line passing through the origin. Indicating that the micropores of diameter 
less than 10 A have either been collapsed or altered in shape. Tlie sharp 
change in the slope of the line at a t-value of 7 Indicates the presence of 
relatively uniform pores having a maximum diameter of 40 A. It should be 
recalled from Table 2, however, that because of the low oxidation rate observed 
with nitric oxide relative to oxygen, the modification procedures using this 
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Figure 4. V-t PLOTS FOR UNTREATED SHAWINIGAN ACETYLENE BLACK, AND FOR SAMPLES 
CATALYTlCALLY OXIDIZED WITH IRON OXIDE IN AN OXYGEN ATMOSPHERE 
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Figure 5. V-t PLOTS FOR SAMPLES OF SHAWINIGAN ACETYLENE BLACK WHICH HAVE 
BEEN CATALYTICALLY OXIDIZED TO A 15% WEIGHT LOSS USING VARIOUS MEANS 
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Figure 6. V-t PLOTS FOR UNTREATED VULCAN XC-72R, AND FOR SAMPLES GATALYTICALLY 
OXIDIZED WITH IRON OXIDE IN AN OXYGEN ATMOSPHERE 
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Figure 7. V-t PLOTS FOR SAMPLES OF VULCAN XC-72R WHICH HAVE BEEN CATALYTICALLY 
OXIDIZED TO A 15% WEIGHT LOSS USING VARIOUS MEANS 
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I agent had to be performed at higher temperatures In order to complete an 

experiment In a reasonable time period. Thus sample VFeN-15 was modified at 
j 700*C, while the remaining samples were modified at only 500*0. In all proba- 

5 billty It Is this higher temperature, rather than the nitric oxide, which Is 

^ responsible for the change In structure of the material. 

I 

!. 
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CONCLUSIONS 

1. Ihe basic structure of the three untreated supports are considerably dif- 
ferent. Vulcan XC-72R contains a large mmber of micropores which are too 
small to be of use in stabilizing platinum in a phosphoric acid fuel cell, 
while graphltized Vulcan XC-72 is, for practical purposes, nonporous. The 
untreated Shawlnigan acetylene black, on the other hand, does contain some 
micropores that may be useful in stabilizing platinum. 

2. Modification of the support materials by catalytic oxidation does create a 
porous striKzture potentially useful in stabilizing platinum. 

3. No significant difference appears to exist between those samples modified 
using an iron oxide catalyst and those modified with silver oxide. 

4. Significant differences exist between samples oxidized in oxygen and those 
oxidized in nitric oxide. Tliese may be the result of differences in the 
temperature at which the modification procedures were performed, 

5. In all cases, the t-plot of the modified sample which deviated most from 
the t-plot of the untreated material, was for a s.ample oxidized to a 15% 
weight loss. 
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VORK FOR NEXT QUARTER 

Modified supports that are representative of the fuli range of materials 
investigated will be catalyzed with hlgh-sur face-area platinum and used to 
fabricate PTFE-bonded phosphoric acid fuel cell electrodest Flooded electrode 
tests will be conducted in 100% phosphoric acid at 190**C by maintaining the 
electrode at a potential 650 millivolts positive of a reversible hydrogen 
electrode* Tlie surface area of the platinum catalyst will be measured both 
before and after the test by integration of the area under the adsorbed hydro- 
gen peak of a cyclic voltammograra of the electrode performed in 1-N sulfuric 
acid. This data will be used to obtain an estimate of the sintering rate of 
the platinum catalyst. Ttiese sintering rates will then be used to select four 
modified supports for long-term testing in a phosphoric acid fuel cell using 
air at the cathode. 
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The cathode of the phosphoric acid fuel cell uses a high-surface-area 
platinum catalyst supported on a carbon substrltt. During operation, the 
small platinum crystallites sinter, causing loss in cell performance. The 
objective of this project Is to develop a support that will stabilize platinum 
in the high-surface-area condition by retarding or preventing the sintering 
process. The approach is to form "etch pits" in the carbon by oxidizing the 
carbon in the presence of a metal oxide catalyst, remove the metal oxide by an 
acid wash, and then deposit platinum in these pits. The project’s first 
quarter experimental results confirm the formation of etch pits in each of 
the three supports chosen for investigation! Vulcan XG-72R, Vulcan XC-72 that 
has been graphitized at 2500“C, and Sha^^lnigan Acetylene Black. 


17 Kty Wo'di ISuMMiM e, AulfioMil) 

11 OiltfiMion luifititni 

Fuel Cell; Electrocatalyst; 

Unclassified - unlimited 

Phosphoric Acid; Carbon 

STAR Category 44 
DOE Category UC - 90f 


It S*tu»<1y OiUil (e< 

Unclassified 


M ttcurily CUMif (*1 Otn d«ftl 

>1 No »f ft«n 

n >"c*' 

Unclassified 




20 


.T>qmirifinwwn 


